Abstract Aims/hypothesis: Vascular dysfunction is a hallmark of diabetes mellitus and endothelial dysfunction is considered to be a key early component of vascular dysfunction. Attenuated agonist-evoked responses are considered to be a barometer of endothelial/vascular dysfunction. We sought to determine whether vascular endothelial growth factor (VEGF) could prevent dysfunction from developing in the streptozotocin (STZ)-induced rat model of type 1 diabetes. Materials and methods: One week after induction of diabetes, STZ rats began a 4-week treatment protocol of twice-weekly i.v. injections of 2 μg VEGF or inactivated VEGF. Corresponding non-diabetic rats served as controls. Agonist-evoked vascular responses were recorded 1 day after the last treatment in anaesthetised rats. Results: Acetylcholine (0.1-12.5 μg/kg) evoked increases in superior mesenteric arterial conductance and decreases in mean blood pressure, while methoxamine (12.5-100 μg/kg) and endothelin-1 (100-1,200 pmol/kg) evoked decreases in superior mesenteric arterial conductance and increases in mean blood pressure. These responses to all three agonists were attenuated in STZ rats, and chronic treatment with VEGF improved these responses dramatically. Both the reduction in plasma nitrate and nitrite and the elevation in aortic superoxide associated with STZ diabetes were normalised with VEGF treatment. VEGF also prevented the apparent paradoxical increased endothelial nitric oxide synthase expression seen in untreated STZ rats. Conclusions/interpretation: Chronic treatment with VEGF early in diabetes is able to prevent the attenuated agonistevoked vascular responses in STZ rats and normalise the oxidative environment associated with the disease.
Introduction
Although they have differing aetiologies, both type 1 (insulin-dependent) and type 2 (non-insulin-dependent) diabetes mellitus share the common pathophysiological feature of consistently elevated plasma glucose and a constellation of resulting vascular-related disorders, including retinopathy, nephropathy and atherosclerosis [1] . The precursor to the overt vasculopathies characteristic of diabetes is endothelial dysfunction [2] . In streptozotocin (STZ)-induced diabetic rats, this endothelial dysfunction is characterised by attenuated agonist-evoked responses to acetylcholine [3] . The impaired acetylcholine-evoked responses appear to be related, at least in part, to inactivation of nitric oxide (NO) by reactive oxygen species, notably the superoxide anion [4] .
A major focus of current treatment of diabetes is on the maintenance of blood glucose within a fairly narrow range, reflecting the findings of the Diabetes Control and Complications Trial [5, 6] . For many diabetic patients, such tight glycaemic control is not feasible, and even those who diligently regulate their blood glucose are still vulnerable to the many vasculopathies that characterise the disease. Treatments that preserve vascular function would therefore be of obvious therapeutic benefit. Vascular endothelial growth factor (VEGF) is a potential candidate as it has been reported to upregulate superoxide dismutase in isolated endothelial cells [7] . In view of the altered acetylcholine-evoked vascular responses typically seen in the diabetic state [3, 8] , we sought to determine whether chronic treatment with VEGF early in the disease can preserve 'normal' acetylcholine-evoked responses in these rats, despite their uncontrolled diabetes. We postulated that improved responses to acetylcholine in diabetic rats treated with VEGF would be accompanied by normalisation of superoxide anion and NO levels, and of endothelial nitric oxide synthase (eNOS) expression. In addition to impaired acetylcholine-evoked responses in diabetic models, attenuated pressor responses to vasoconstrictor agonists, such as methoxamine and endothelin (ET)-1, have been reported [9, 10] . Indeed, we have observed attenuated responses to ET-1 and methoxamine both in vivo and in vitro in the isolated perfused mesenteric vascular bed [11] . Thus, for comparison with vasodilator responses evoked by acetylcholine, we also recorded vasoconstrictor responses to ET-1 and methoxamine.
Materials and methods

Experimental protocol
All experiments were carried out in accordance with the guidelines set down by the University Council on Animal Care and Supply (UCACS) at the University of Saskatchewan. Diabetes was induced in 9-week-old SpragueDawley (SD) rats (300-350 g; Charles River, Montreal, QC, Canada) using a single i.p. injection of STZ (Sigma Aldrich, Oakville, ON, Canada) (55 mg/kg in 0.1 mol/l citrate buffer, pH 4.5). SD rats injected with buffer alone served as controls. One week after injection, the occurrence of polyuria, polydipsia, polyphagia and elevated blood glucose (>20 mmol/l) confirmed the diabetic state. Blood glucose was assayed by the glucose oxidase method (One Touch Basic, Vancouver, BC, Canada). Beginning at the first week after STZ, animals were randomised into several groups: STZ rats treated with either VEGF-165 (n=10) or inactivated VEGF (iVEGF) (n=11) and corresponding control SD rats (n=8 in the group treated with VEGF, n=9 in the group treated with iVEGF) for the in vivo agonist protocol. Animals in the treatment group received 2 μg of VEGF (Genentech, South San Francisco, CA, USA) into the tail vein twice weekly for 4 weeks. Control groups were given heat-inactivated VEGF over the same period. The dosing regimen was based on similar studies by Meurice et al., carried out using basic fibroblast growth factor in rabbits with hypercholesterolaemia and balloon injury [12, 13] . One full day was given between the end of the treatment protocol and the beginning of the in vivo agonist protocol. A parallel group of animals in each treatment arm were not subjected to surgery or instrumentation. One day after the end of treatment, blood was taken from each of the animals in these groups (n=7 in each) for measurement of plasma nitrate and nitrite. Aortas were removed for western blot analysis and measurement of superoxide anion levels.
In vivo haemodynamic responses
At the end of the 4-week treatment protocol, at the 5-week stage of diabetes, rats in the in vivo protocol had their blood glucose taken and were anaesthetised with thiopental (120 mg/kg, i.p.) for surgery and the agonist protocol. Radiotelemetry devices (DataSciences, St Paul, MN, USA) for measurement of blood pressure were implanted first. Briefly, a 2-cm incision was made in the ventral hindlimb, and the tip of the telemetry device was advanced approximately 4-5 cm into the femoral artery. A catheter was also advanced into the femoral vein to serve as an injection port. After a 5-cm incision had been made from the base of the sternum to the lower abdomen, a transit-time flow probe (Transonic, Ithaca, NY, USA) was implanted on the superior mesenteric artery (SMA). Once stabilised, animals were transferred to the recording room and placed on receivers for constant monitoring of blood pressure by radiotelemetry. The flow probes were connected to receivers, and both flow and telemetry readings were recorded using the DataQuest acquisition system (Data Sciences, Minneapolis, MN, USA). Body temperature was maintained at 37°C. Supplementary doses of thiopental (1 mg) were administered i.v. when needed. Once a stable baseline had been achieved, bolus injections of acetylcholine (0.1-12.5 μg/kg), methoxamine (12.5-100 μg/kg) and ET-1 (100-1,200 pmol/kg) were given i.v. Upon completion of the agonist protocol, blood samples were drawn before the animals were killed, and kidney and heart weights taken after death. Sections of aorta were removed from some animals at random for histological analysis.
Measurement of plasma nitrate and nitrite
Levels of plasma nitrate and nitrite were obtained using the Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical, Ann Arbor, MI, USA). In the in vitro protocol, blood samples were collected into 10% sodium citrate immediately before the animals were killed. The tubes were centrifuged at 4°C and 1,000 g for 5 min, and recovered plasma was stored at −70°C. Subsequently, the samples were thawed and transferred to Nanosep 10 K Omega centrifuge filter tubes (Pall, Ann Arbor, MI, USA), which employ 10-kDa molecular mass cut-off filters. Tubes were centrifuged at 4°C and 15,000 g for 20 min to remove the haemoglobin. The filtrate was then transferred in 40 μl aliquots to a 96-well plate; each sample was performed in duplicate. To each well, 10 μl of enzyme cofactor mixture and 10 μl of nitrate reductase mixture were added, and the plate was covered and incubated at room temperature for 3 h. When the incubation was complete, 50 μl each of 2% sulfanilamide in 5% phosphoric acid and 0.2% naphthylethylenediamine dihydrochloride were added to each well. After allowing 10 min for optimal colour development, we read the absorbance at 540 nm using Fluoroskan Ascent plate reader (ThermoLabsystems, Franklin, MA, USA).
Detection of superoxide anion by lucigenin chemiluminescence
Superoxide generation was measured in sections of aorta removed from rats not undergoing in vivo haemodynamic analysis. After isolation, the aorta was cleaned and incubated in Krebs buffer, pH 7.4, for 30 min at 37°C by gassing with 95% O 2 -5% CO 2 . The aorta was then transferred into a test-tube and incubated in darkness with 5 μmol/l lucigenin for 15 min at 37°C. The chemiluminescence was measured every 30 s repeatedly over 5 min and an average value was calculated. After addition of 20 mmol/l Tiron (final concentration) (Sigma Chemical, Oakville, ON, Canada), a non-enzymatic scavenger of superoxide anion to quench all superoxide anion dependent chemiluminescence, the aorta was incubated at 37°C for 15 min and the repeated measurements were integrated over 5 min. Superoxide anion generation was reported as mLL min −1 mg −1 of aorta weight.
Western blot analysis
Western blot analyses were performed on sections of aorta removed from rats not undergoing in vivo haemodynamic analysis. Aortas were isolated and immediately stored in liquid nitrogen. The frozen tissue was then homogenised in lysis buffer containing 50 mmol/l Tris, pH 8, 150 mmol/l NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, and 1 mmol/l phenylmethylsulphonyl fluoride and centrifuged at 1,000 g at 4°C for 15 min. The supernatant was transferred to a fresh tube and centrifuged at 30,000 g at 4°C for 30 min. The protein concentration in the supernatant was determined using the Protein Assay Reagent (Bio-Rad Laboratories, Hercules, CA, USA), and 50 μg of total protein was electrophoretically sizeseparated on a 7% SDS-polyacrylamide gel and then transferred onto nitrocellulose membrane (Bio-Rad Laboratories) at 4°C overnight. The membrane was blocked with 5% non-fat dried milk in TBS-T (pH 7.6, 20 mmol/l Tris base, 137 mmol/l NaCl, and 0.1% Tween 20) at room temperature for 1 h and then incubated with 1:2,000 diluted monoclonal mouse anti-eNOS antibody (Transduction Laboratories, Mississauga, ON, Canada) at 4°C overnight. The eNOS protein was detected by enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech, Baie d'Urfe, QC, Canada). The membrane was then stripped in stripping buffer containing 100 mmol/l 2-mercaptoethanol, 2% SDS, 62.5 mmol/l Tris-HCl, pH 7.6, at 50°C for 30 min and reprobed with 1:10,000 monoclonal mouse anti-β-actin antibody (Sigma Aldrich). The densitometric value of the samples was evaluated by densitometry (UN-SCAN-IT; Silk Scientific Corporation, Orem, UT, USA).
Statistical analysis
Values are expressed as mean ± SEM. Differences between results obtained with the agonist protocols were first determined by repeated measures ANOVA, which was followed by one-way ANOVA to test differences among multiple groups. In all cases, a p value of less than 0.05 was considered significant.
Results
Effects of VEGF on progression of diabetes
Chronic treatment with VEGF or iVEGF had no effect on the progression of diabetes in STZ rats ( Table 1) . The animals displayed all the classic signs of diabetespolydipsia, polyphagia, polyuria (data not shown), minimal weight gain and elevated blood glucose (Table 1) . Baseline mean blood pressure (MBP) was reduced and SMA conductance was elevated in 5-week STZ rats compared with their non-diabetic SD counterparts. Chronic treatment with VEGF preserved MBP at normal (non-diabetic) levels. In contrast, VEGF failed to maintain SMA conductance.
Effects of VEGF on agonist-evoked responses in STZ rats
The changes in SMA conductance and blood pressure in response to acetylcholine are shown in Fig. 1 . In STZ diabetic rats, treatment with VEGF enhanced acetylcholine-evoked increases in SMA conductance and decreases in blood pressure compared with rats treated with iVEGF. In contrast, treatment of non-diabetic SD rats with VEGF failed to enhance acetylcholine-evoked responses. Interestingly, the response to the highest dose of acetylcholine was less in control iVEGF-treated STZ diabetic rats compared with iVEGF-treated non-diabetic SD rats (p<0.05), but the responses to the highest dose of acetylcholine were similar in STZ and control SD rats after treatment with VEGF. Thus, VEGF treatment appeared to preserve acetylcholine-evoked responses in the STZ diabetic rats. In STZ diabetic rats, treatment with VEGF significantly enhanced the ET-1- (Fig. 2 ) and methoxamine- (Fig. 3) evoked decreases in SMA conductance and increases in blood pressure compared with iVEGF-treated rats. In control SD rats, ET-1-and methoxamine-evoked responses were either unchanged or enhanced only slightly by treatment with VEGF.
Effect of diabetes and VEGF treatment on plasma nitrate and nitrite levels Plasma levels of nitrate and nitrite were much lower (p<0.05) in STZ rats treated with iVEGF (control) compared with their non-diabetic SD counterparts (Fig. 4 ). Chronic treatment with VEGF significantly increased (p<0.05) plasma levels of nitrate and nitrite in STZ rats compared with iVEGF-treated STZ rats (Fig. 4) . In contrast, the nitrate and nitrite levels in VEGF-treated non-diabetic SD rats were actually lower than in nondiabetic SD rats treated with iVEGF.
Effects of diabetes and VEGF treatment on superoxide levels in thoracic aorta
Superoxide levels, as measured by chemiluminescence, were significantly elevated in the STZ diabetic group treated with iVEGF (control) compared with the corresponding non-diabetic SD group (Fig. 5) . Chronic treatment with VEGF reduced the elevated superoxide levels in STZ rats to normal. Superoxide levels were unaffected by VEGF treatment in non-diabetic SD rats.
Effects of diabetes and VEGF treatment on eNOS expression
Increased expression of eNOS was evident in STZ diabetic rats treated with iVEGF control compared with their nondiabetic SD counterparts (Fig. 6 ). This enhanced eNOS expression was normalised by chronic treatment with VEGF. Interestingly, chronic treatment with VEGF actually enhanced eNOS expression in non-diabetic SD rats, in keeping with in vitro observations reported in previous studies [14, 15] .
Discussion
The data in this article support the hypothesis that chronic treatment with VEGF at an early stage of STZ diabetes can preserve vascular function and that the preservation of vascular function is accompanied by changes in the oxidative environment, notably NO and superoxide anion levels. We found that agonist-evoked MBP and SMA responses to acetylcholine were attenuated in STZ rats, and that treatment with VEGF significantly improved these responses. Attenuated vascular responses to acetylcholine have been reported in numerous studies, in both clinical and experimental diabetes [3, 8] . Acetylcholine-evoked responses are used as a marker of endothelial function and, from a clinical perspective, represent a functional correlate of vascular damage. The results suggest that VEGF is able to preserve the functional integrity of the vasculature even when the hyperglycaemia associated with the diabetic state is uncontrolled. Importantly, plasma nitrate and nitrite concentrations were lower in STZ diabetic rats than control SD rats, findings consistent with impaired NO function. Treatment with VEGF increased plasma nitrate and nitrite concentrations in STZ rats but not non-diabetic SD rats. Interestingly, eNOS expression was upregulated as early as the 5-week stage of STZ-induced diabetes, an observation that is in agreement with a previous study by Hink et al. [16] . The upregulation could be a compensatory response to support endothelial function. Chronic VEGF treatment reduced eNOS expression. Our findings of a reduction in eNOS expression accompanied by increased nitrate and nitrite levels and acetylcholine responsiveness may appear counterintuitive. This may be explained by factors that inactivate NO, such as the superoxide anion [17] . By preventing this inactivation, VEGF could maintain NO availability and preserve acetylcholine-evoked responses. Indeed, superoxide anion levels were elevated in STZ diabetic rats, and treatment with VEGF reduced the superoxide anion level to that observed in control SD rats. Thus, our findings on plasma nitrate and nitrite concentrations and on superoxide anion generation are consistent with the interpretation that the availability of NO is inversely correlated with the magnitude of superoxide anion generation. VEGF has been reported to upregulate the expression of superoxide dismutase, a major superoxide scavenger, in endothelial cells [7] . Moreover, reductions in superoxide dismutase have been reported to inhibit endothelium-dependant relaxation through the inactivation of NO [4] . The pivotal role of the superoxide anion in mitigating responses to acetylcholine is not surprising as reactive oxygen species have long been thought to play a key role in diabetic vascular dysfunction [18, 19] . Vitamin C, vitamin E and superoxide dismutase have all been used successfully in restoring agonist-evoked endothelial responses [20] [21] [22] .
Another finding of the present study is the effect of VEGF treatment on baseline haemodynamics in STZ rats.
The lower baseline arterial pressure observed in STZdiabetic rats compared with control SD rats (Table 1) is consistent with previous reports in the literature [23] . In conscious, chronically instrumented rats, Tatchum-Talom et al. reported a progressive lowering of blood pressure during the 5-week period following induction of the diabetic state with STZ [24] . This is not likely to be an effect of STZ itself as the hypotension is progressive, not becoming significant until the third week of diabetes in conscious animals. The fall in blood pressure could be related to the dilated state of the vasculature. In fact, SMA conductance was much higher in STZ-diabetic rats than in SD rats. Alternatively, the lower blood pressure could be related to hypovolaemia secondary to osmotic diuresis, or to myocardial dysfunction [25, 26] . Chronic treatment with VEGF was able to preserve baseline MBP in anaesthetised STZ rats, but this was not accompanied by corresponding decreases in SMA conductance. Thus, the preservation of blood pressure must be related to the resistance function of other vascular beds or to the maintenance of cardiac output by preventing osmotic diuresis or myocardial dysfunction [25, 26] .
Significantly improved agonist-evoked responses to both ET-1 and methoxamine were secondary findings of this study. Several studies have reported increased levels of and attenuated responses to ET-1 in experimental and clinical type 1 and 2 diabetes [10, [27] [28] [29] . If indeed VEGF is able to maintain the availability of NO in STZ rats, this might result in a decrease in the release of ET-1 [30] . Decreasing release may also have significant pathophysiological consequences, as this vasoconstrictor peptide is also able to increase vascular superoxide levels [31] . Beyond simply preserving vascular responses to this potent vasoconstrictor, reducing the synthesis of ET-1 with VEGF may help to mitigate another source of vascular superoxide in diabetes.
The mechanism behind the ability of VEGF to preserve methoxamine responses is less clear. Both attenuated and exaggerated responses to α-1 agonists have been reported [11, 32] . The ability of VEGF to activate protein kinase C, through both flt-1 and flk-1 receptors, has been reported [33] . Such an action of VEGF could conceivably contribute to the improved responses to methoxamine, but further discussion of this plausible mechanism is speculative at this point.
The angiogenic growth factor VEGF plays a key and dichotomous role in diabetic vascular complications [34, 35] . Hence the central pathophysiological feature of proliferative diabetic retinopathy is VEGF-stimulated an- Effect of chronic treatment with VEGF on expression of eNOS in STZ and non-diabetic Sprague-Dawley (SD) rats. Western blot analyses were performed on sections of aortic arch from STZ and non-diabetic SD rats treated with either VEGF or iVEGF, using a monoclonal antibody to eNOS giogenesis, and experimental therapies target inhibition of VEGF [36] . Conversely, the critical limb ischaemia that is one of the defining features of diabetes is due to impaired peripheral angiogenic responses to ischaemia, and has been successfully treated using VEGF [37] . This dichotomy is one of the true mysteries associated with this disease, but when it is fully understood it may provide investigators with a more effective way to manage the devastating vasculopathy characteristic of diabetes. The data reported in this article demonstrate the ability of VEGF to preserve both depressor and pressor agonist responses. The results emphasise a potential role for this growth factor in the effort to preserve the functional integrity of the vasculature even when the hyperglycaemia associated with the diabetic state is uncontrolled. A possible therapeutic role for VEGF in the management of diabetic vascular complications merits further investigation.
